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Calculation of Antenna System Noise
Temperatures at Different
Ports—Revisited

T. Y. Otoshil

With the advent of cryogenically cooled front-end assemblies, it has become the
practice to define antenna system noise temperature at the horn aperture rather
than at the low-noise amplifier (LNA) input port. It is not generally known that
when the reference port is moved towards the horn aperture, the values of the
operating system noise temperature, T,,, and effective receiver noise temperature,
T,, will always increase. It is also not generally known that, when the horn and
waveguide are at cryogenic rather than ambient temperature, as will be shown in
two examples in this article, the value of T;, defined at the LNA reference port can
be either larger or smaller than the value of T;, defined at the horn aperture. This
fact is not obvious from studying approximate formulas that neglect products of
the loss factors of the components between the horn aperture and the LNA.

In this article, the exact expressions for T,, at different ports are derived. The
exact and approximate formulas are compared, and calculations are made on a DSN
8.4-GHz (X-band) and DSN 32-GHz (Ka-band) feed system showing the magnitudes
of errors that result when using the approximate formula. The magnitudes of errors
were about 0.1 K and 1 K for the X- and Ka-band systems, respectively.

l. Introduction

With the advent of cryogenically cooled front-end assemblies, it has become the practice to define
antenna system noise temperature at the horn aperture rather than at the low-noise amplifier (LNA)
input port. A front-end assembly usually consists of only the horn, waveguide, and LNA. For convenience
and conciseness, the symbol T, instead of T, , will be used to mean antenna system operating noise
temperature.

It is not generally known that when the reference port is moved towards the horn aperture, the 15,
value and effective receiver noise temperature, T,, become larger and the antenna input termination noise
temperature, T;,, becomes smaller. This fact is not obvious from the use of approximate formulas that
neglect loss factors of the associated system components. For most applications, the loss factors are
sufficiently close to unity that it is permissible to use the approximate formulas. However, when deriving
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exact formulas of T,, at different ports, it is necessary to retain all loss factors, L, between the source
and the receiver input.

In 1968, in the Appendix of [1], co-author Stelzried derived the basic formula for transferring system
noise temperature from the receiver port to the horn aperture port, where the two ports were separated
by a matched lossy transmission line. In the same special issue on noise as [1], Otoshi derived a similar
expression that applied to mismatched cascaded components [2]. In a follow-up internal memorandum,?
the formulas for transfer (between ports) for all components of a receiving system were presented for
the matched case. The formula from [1] appeared again in a tutorial reference document in 1982 [3].
Although these basic formulas were derived more than 30 years ago, their applications were not widely
utilized until recently, when it was decided by developers of low-noise systems at JPL that T, should
be defined at the antenna aperture rather than at the LNA input port. One of the early applications of
defining T, at the feedhorn aperture was in 1989, when Gatti et al. measured the performance of the
DSS-14 70-m antenna at 32 GHz [4].

The purpose of this article is to provide a more current reference on the derivation of exact formulas
for calculating Ty, at different reference ports and to show the magnitude of errors that result if the new
formula is not used. In the following, it will first be shown how the exact T,, expressions are derived
when the reference port is the LNA input port. Then the exact T, expression will be derived when the
reference port is moved to the horn aperture. The exact and approximate formulas will be compared, and
sample calculations will be made on a DSN 8.4-GHz (X-band) feed system and a DSN 32-GHz (Ka-band)
feed system, showing the magnitude of errors that result when using the approximate formula instead of
the exact formula.

Il. Derivations
A. Antenna Operating System Noise Temperature Defined at Port B

Figure 1(a) shows a block diagram of a simple antenna receiving system where the antenna is a
horn connected to a waveguide section, which in turn is connected to a receiver consisting of an LNA
and a follow-up receiver. For this configuration, the antenna input termination (per IEEE standard
terminology [5]) at port B consists of the sky and the horn waveguide assembly. In a typical system,
the horn assembly consists of a corrugated horn and additional waveguide components, such as a spacer,
rotary joint, polarizer or orthomode, and finally the circular-to-rectangular waveguide transition, which
connects to the LNA. For purposes of this article, the corrugated horn section will be called the “horn,”
and the additional waveguide components between the horn output and the LNA input will be called
the “waveguide.” For a more complete system that consists of a Cassegrain main reflector, subreflector,
mirrors, and the beam-waveguide (BWG) antenna shroud, one can refer to a more general BWG antenna
system operating noise temperature equation that was presented by Otoshi et al. [6]. For the tutorial
purpose of this article, only noise temperature equations for the simple antenna system [shown in Fig. 1(a)]
will be derived.

A subscript A will be used for defining noise temperature components belonging to the system where
the reference port is the horn aperture, and a subscript B will be used to identify noise temperature
components belonging to the system where the reference port is the LNA input port. When the T,
reference port is port B [shown in Fig. 1(a)], T, is expressed as

(TOP)B = (Tia)B + (TE)B (1)

2C. Stelzried, T. Otoshi, and B. Seidel, “Noise Temperature Symbols and Definitions,” JPL Interoffice Memorandum
3333-68-508 (internal document), Jet Propulsion Laboratory, Pasadena, California, November 11, 1968.
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Fig. 1. Typical antenna receiving system: (a) all components of the system shown, (b) equivalent antenna
input termination and receiver defined at LNA input port B, and (c) equivalent antenna input termination
and receiver defined at the horn aperture.

where T;, is the noise temperature of the antenna input termination and T, is the effective input noise
temperature of the receiver [5,7]. Since these two components of T,, at port B will be compared later
to corresponding antenna and receiver components at port A, they will be discussed separately in the
following two subsections.

1. Antenna Input Termination at Port B. In Fig. 1(b), the antenna input termination consists
of the sky and the horn plus the waveguide. Its noise temperature can be expressed as

(Tia) p = (Toxy) g + (Thwg) (2)
where
(Tue) g = Teb (Latm LnornLuwg) ™ + Tatm (Lo Luwg) ™" (3)
and
(Thowg) g = ThormLupg + Tug (4)
where



T., = noise temperature of the cosmic background radiation, K
Tuim = noise temperature of the atmosphere defined at its output, K
Thorn = noise temperature of the horn defined at its output port, K

Ty = noise temperature of the waveguide defined at its output port, K

and Lqtm, Lhorm, and Ly, are the loss factors (>1) of the atmosphere, horn, and waveguide, respectively.
For a general-case matched two-port network, the reciprocal of L is equal to a power ratio of Puyt/Pin.
Note in Eq. (3) that Ty is just the sum of the cosmic background noise temperature, Ty, and the
atmosphere noise temperature, T, attenuated by the losses of the particular components/media in
front of them before reaching port B.

Substitutions of Egs. (3) and (4) into Eq. (2) give the exact expression for the antenna input termi-
nation at port B of

(T‘ia)B = ch (LatmLhorang)il + Tatm (Lhorang)71 + ThornL;; + ng (5)

If one wishes to calculate noise temperature contributions of each component at its individual output
port, the following formulas may be used:

Tatm - (1 - L;tlm) Tp,atm (6)
Thorn - (1 - Lljolrn) Tp,horn (7)
Twg = (1 - L’U_J;) Tpwg (8)

where

T atm = effective or mean physical temperature of the atmosphere, K (a value sometimes used is
277.5 K for 90 percent cumulative distribution [8])

Ty norn = physical temperature of the horn, K

Tpwg = physical temperature of the waveguide components, K

Derivation of Eq. (5) is given in Appendix A for an equivalent configuration of a noise source followed
by three lossy passive networks. Note that to calculate the individual contributions given in Egs. (6)
through (8) it is necessary to know only the individual loss factors and the physical temperatures of the
components.

Special Case: If an aperture load at physical temperature T}, is placed over the horn, Ty, and Ty, are
blocked out, and if T} horn = Tpwg = Ip, then Eq. (5) becomes

(Ea)B - Tp (Lhorang)71 + ThOI‘HL;l + ng
g
and substitution of Egs. (7) and (8) leads to
(Tia)p = Tp (LhornLuwg) ™" +Tp (1= Lyt Y Lyl + (1— L)) T,

horn

=1 (5a)



which shows why an aperture load can still be used as the ambient load noise standard for calibrating
antenna system T, defined at Port B. For the calibration of antenna system T,, at port B using the
aperture load, it is required that (1) T. be defined at Port B and (2) the aperture load, horn, and
waveguide be at the same physical temperature, T,,. If any of these components are not at the same
physical temperature, an error will occur in calibrating antenna system noise temperatures when using
the aperture load for the ambient load thermal noise standard method described in [6] and [9].

General Case: If the losses are known in dB, then loss factors are calculated from the basic formula
L = 10%as/10 (9)

where Lgp is the dissipative loss of the component in positive dB. It is assumed that the system is matched
so that it can be assumed that the total loss and dissipative loss are the same. If the loss in dB is less
than 0.1 dB, the following useful approximate formulas can be derived from a series expansion of log;q L
in the exact expression Lqg = 10log,y L. Dropping off higher-order terms assuming L ~ 1, then

L~1+4+0.23LgB (10a)
and
L' ~1-0.23Lgs (10b)
For example, if the waveguide component has a loss of 0.05 dB and a physical temperature of 300 K, then
Lug ~ 1.0115
and from Eq. (8)
Twg = (1— L;é) T, =341 K=~ 0.23LqsT, = 3.45 K

In Eq. (6), Latm and Ty can be calculated from knowledge of frequency, measured ground-level
barometric pressure, ground-level relative humidity, and the physical temperature of air at the ground
level. Slobin has written a BASIC program named SDSATM4.BAS (later modified by Otoshi to become
SDSATMT7.BAS [10]) to enable these calculations to be done easily. Values of Ty, for different cumulative
distributions for Goldstone, Canberra, and Madrid can be obtained for different frequency bands from
Table 1 in [8].

2. Effective Input Noise Temperature of the Receiver at Port B. The effective input noise

temperature of the receiver at port B is expressed as the sum of the contributions from the LNA and the
follow-up receiver as follows:

(Te)g = Tina +Thu (11)

where

Tina = effective input noise temperature of the LNA at port B, K

T}, = effective input noise temperature of the follow-up receiver at port B, K



If one wishes to express T, in terms of the follow-up receiver noise temperature contribution at its own
input port, the following expression is used:

(12)

where

Ty = effective input noise temperature of the follow-up receiver at its own input port, K (see
port C in Fig. 1)

GLNnA = gain of the LNA

Substitution of Eq. (12) into Eq. (11) gives an alternate expression for (T¢) 5 of

T
(Te) g = Tina + GLLA (13)

3. Antenna System Operating Noise Temperature at Port B. Substitution of the expression
for (Ti,)p given in Eq. (5) and (T.)p5 given in Eq. (11) into Eq. (1) gives the exact equation for the
antenna system operating noise temperature at Port B of

(Top)B = 1y (LatmLhorang)71 + Tatm (Lhorang)i1 + ThornL;; + ng + TLNA + Tfu (14)

The term “exact” means that in Eq. (14) the loss factor products have not been omitted. In practice, it
is commonly assumed that Latym, Lhorn, and L, are each very close to unity so that the expression for
(Tiq) g shown in Eq. (5) becomes

Approx (Tia) p = Tev + Tatm + Thorn + Tug (15)
In Eq. (13), (T¢) 5 remains unchanged, so Eq. (14) becomes
Approx (T,,) = Approx (Ti,) g + Approx (Te) 5
= Tep + Tutm + Thorn + Twg + Tina + Tru (16)
and the error resulting from use of this approximate formula for Port B is
Epy = Approx (Toy) 5 — (Top) 5 a7)

Even though the above approximate formula for (7,,),; may be sufficiently accurate for application to
some low-noise systems, it can be misleading to the lay person and can be mistaken for the exact equation.
The approximate formula may not be accurate for some antenna systems where the horn and waveguide
losses have significant values (>0.2 dB) or at Ka-band frequencies where Lgy,, is not close to unity. In
the following subsection, the expression for T, at port A will be derived, and then comparisons will be
made of the components of (T,,) , to corresponding components of (1,,) 5.



B. Antenna System Operating System Noise Temperature Defined at the Horn Aperture

If one wishes to define the antenna system operating noise temperature at the antenna aperture and
to use port A as the reference port rather than the LNA input (port B) as shown in Fig. 1, the following
relationship applies:

(Top) 4 = (Tia) 4 + (Te) 4 (18)

where, from inspection of Fig. 1(a), it can be seen that the new expression for antenna input termination
is simply

(Tia)A = Tsky = ch;tlm + Tatm (19)

As is pointed out in Appendix B, noise temperatures defined at a particular output port can be transferred
to the antenna aperture by multiplying those noise temperatures by the loss factors of the components
between the old and new reference ports. Then, application of the method given in Appendix B, and
inspection of Fig. 1(c), leads to the following expression for effective input receiver noise temperature at
port A:

(Te)A = [(Th,wg)B + (Te)B] Lhorang (20)
Substitution of Egs. (4) and (11) into Eq. (19) gives
(Te)A = (ﬂlornL;; + ﬂug + TLNA + Tfu) Lhorang (21)

Equation (21) can also be derived from a cascade formula often used by designers of LNAs. This alternate
derivation is given in Appendix C.

Substitutions of Egs. (19) and (21) into Eq. (18) result in
(Top)A = chL;tlm + Tatm + ThornLhorn + (ng + LLNA + Tfu) Lhorang (22)
Examination of Egs. (14) and (22) reveals that

(Top)A = (Top)B Lhorang (23)

This equation is identical to the equation derived by Stelzried (in the Appendix of [1]) if the symbol L in
[1] is used to represent the product Lyorn Lug-

It is now of interest to compare the individual terms of (7,,) , given above in Eq. (22) to the individual
terms of (7o) 5 shown previously in Eq. (14). They are noticeably different. For convenience and future
reference, definitions of all symbols used thus far are tabulated in Table 1, and the formulas for computing
an individual component’s contribution of (Tt,), and (T,,), are given in Table 2. Formulas for the
components of T;, and T, at each of the two ports are also shown in Table 2.



Symbol

(Top) 4> (Top) g
(Tia) o » (Tia) g
(Te) o> (Te) p
Ter

Tatm

Tsky

Thorn
Twg

Tp,atm
Tp,horn

Tp,wg
Tt
Ty

GLNA

Latmy Lhorrn L'wg

Table 1. Definitions of symbols.?

Definition

Antenna system operating noise temperatures at ports A and B, respectively, K.

Antenna input termination noise temperatures at ports A and B, respectively, K.

Effective input noise temperatures of the receiver at ports A and B, respectively, K.

Cosmic background noise temperature, K. See [8] for values at S-, X-, and Ka-bands.

Noise temperature of the atmosphere defined at the horn aperture port, K.

Noise temperature looking at the sky from the horn aperture port. It is equal to
the sum of Tgtm and Ty, attenuated by the atmosphere, K.

Noise temperature of the horn only at its output port, K.

Noise temperature of the waveguide (components) at its output port, K.

Effective or mean physical temperature of the atmosphere [8], K.

Physical temperature of the horn, K.

Physical temperature of the waveguide components between the horn output
and LNA input, K.

Effective input noise temperature of the follow-up receiver noise defined at the
LNA input port, K.

Effective input noise temperature of the follow-up receiver at its own input
port, K.

Gain of the LNA.

Loss factors of the atmosphere, horn, and waveguide, respectively. The
values of these loss factors are each greater than or equal to one.

2 Underlined words are the IEEE definitions given in [5]. Normally, the symbol Top o would be used to
indicate the antenna system operating noise temperature. For conciseness and convenience in this
article, the a will be omitted from T,p o, which will be shown simply as Top. Subscripts A and B
outside the parentheses identify the port at which the noise temperature is defined.

In practice, it is often assumed that La¢m, Lhorn, and L4 are each very close to unity so that

and

so that

Approx (Tia) 4 = Teop + Tatm

Approx (T.) 4 = Thorn + Twg + Tina + Thu

Approx (T,,) , = Approx (Tia) 4 + Approx (T¢) 4

=dep + Tatm + Thorn + Tw_q + TLNA + Tfu

and the error resulting from use of this approximate formula for port A is

E, = Approx (TOP)A - (TOP)A

(25)

(26)



Table 2. Comparisons of individual contributions to T,, when T,

op

is defined at the horn aperture versus at the LNA input.2

Contributor

Cosmic background
Atmosphere

Horn

Waveguide

LNA

Follow-up

Antenna input termination

Effective receiver

Antenna operating system

Contributions to T, when defined
at LNA input port B

Tob (Latm Lhorn Lwg) ™"

Tatm (Lhorn Luwg) ™"

ThornLuwg

Twg

Tina

Tty =T5/GLNa

(Tia) g = sum of contributions

from cosmic background
+ atmosphere 4+ horn
+ waveguide

(Te) g = sum of contributions
of the LNA + follow-up

(TOP)B = (Tia)B + (Te)B

2 Note that (Top) 4 = (Top) g X LhornLwg-

Comparison of Egs. (25) and (16) shows that

Contributions to T, when defined
at horn aperture port A

chL;tlm
Tatm

ThornLnorn

ngL’nghorn

TLNALwgLhorn

Ty LwgLhorn

(Tia) 4 = sum of contributions

from cosmic background
+ atmosphere

(Te) 4, = sum of contributions

of the horn + waveguide
+ LNA + follow-up

(TOP)A = (Tia)A + (Tc)A

Approx (Top) 4 = Approx (Top) g

(28)

It will be shown by the following examples that the approximate formulas might be sufficiently accurate
for the case of a cryogenically cooled horn and an ultra-low-loss system, but not accurate for some lossier
systems. If it is important to calculate (75,) , values to within a 0.2-K accuracy, then the exact formula

of Eq. (22) should be used.

lll. Sample Cases

In the following, calculations will be made for two examples, showing how much T},, T¢, and T, differ

at the LNA input port versus at the horn aperture. These calculations will be done for a typical DSN
cryogenically cooled horn system developed for (1) 8.4 GHz (X-band) and (2) 32 GHz (Ka-band). It will
be shown that, for typical DSN low-noise systems, the error in using approximate formulas instead of the
exact expressions is small (about 0.1 K) at X-band but can be significant (as large as 1 K) at Ka-band.

Example 1. DSN Cryogenically Cooled Horn System at 8.4 GHz. The input data are as
follows:

.
|

= 2.5 K adjusted for frequency

Totm = 2.29 K for average clear weather at Goldstone and cumulative distribution (CD) = 0.25
[8], zenith

0.038 dB (for CD = 0.25 [8]), zenith
(Lhorn)qp = 0.035 dB

—~
h
]
&+
3
~—
a
os]
I



(Luwg)gp = 0.057 dB
Ty horm = 6 K (note that the horn is at cryogenic temperature)

Tpwg = 6 K (note that the waveguide is at cryogenic temperature)

The horn and waveguide losses are not actual values for a current DSN X-band system, but are estimates
for example purposes only. For the receiver,

Tixa = 49K
LNA gain = 25 dB or Gpya = 10%° = 316.2
T; = 31.62 K

From use of Eq. (12),

31.62
T, = =22 — 01K
fu = 316.2

The output data are as follows.? Use of the formula for converting loss factors in dB to power ratios
[see Eq. (9)] gives

Latm = 1.0088
Liorm = 1.0081
Luyg = 1.0132

From use of Egs. (7) and (8),

Thorn = 0.048 K (note that the horn is cooled to a 6-K cryogenic physical temperature)
Twg = 0.078 K (note that the waveguide is cooled to a 6-K cryogenic physical temperature)

Now all of the values are known for calculation of 17, at ports A and B. Substitution of these values into
Egs. (5), (11), and (14) for port B (also see Table 2) gives

(Th)p = 479 K
(T.)y = 5K
(Top) = 9.79 K

Substitution of values into Egs. (19), (21), and (22) for port A respectively gives

(Tia) 4 = Toxy = T Ly, + Tutm = 2.5(1.0088) " +2.29 = 4.768 K
(T.) , = 5.236 K
(Top) , = 10.003 K (from use of Eq. (22) instead of adding the two above results)

Values are shown to three decimal places because rounding off to two decimal places will make it appear
that the stated (7,,)a value is incorrect. Note that (T,,), — (Top)z = 0.21 K and that (Tpy), =
LyornLwg x (Top) - If the approximate formulas of Eqs. (16) and (26) are used, then

3 A copy of an Excel program for performing calculations of (Tia) g, (Te) g, and (Top) g, and (Tia) 45 (Te) 4, and (Top) 4

can be obtained from the author upon request.
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Approx (T,) 4 = Approx (Top) 3 = Tep + Tatm + Thorn + Twg + Lina + T = 9.92 K

The errors resulting from use of this approximate formula as calculated from Egs. (17) and (27) are
Ep =0.12 K and E4 = —0.09 K. A plus/minus error sign means the approximate value is higher/lower
than the exact value. The approximate formula is useful for obtaining quick estimates of T,, since only
arithmetic addition is required. If T,, values are to be documented to two decimal places in a formal
report, one should use the correct formulas. One way to check the correctness of the Ty, value is to use
the rule that there should always be a difference in the values of Ty, if they are defined at different port
locations. In addition, the T,, value at the horn aperture must always be higher than the T,, value at
the LNA input port. In this X-band example, (T,p) , was higher than (Tt,) 5 by 0.21 K. It is important
to point out that the differences between T,, values at different ports are not errors. Only the difference
between the approximate value and the exact value is defined as an error.

If T, worn and T}, 4,y were at ambient 295 K instead of 6 K, and assuming loss factors remain the same,
new calculations will show that (7,,) , would be higher than (7,,); by 0.34 K and the errors due to
using the approximate formula would be Ep = 0.15 K and E4 = —0.19 K. If the horn and waveguide are
made from high-conductivity copper, their loss factors typically decrease at cryogenic temperatures. For
simplicity, their loss factors are assumed to remain constant between 295 K and 6 K.

Even though the errors in neglecting loss factors are small (about 0.1 K) for X-band, the following
example for Ka-band will show that, due to higher atmospheric losses and waveguide losses, the error
resulting from use of the approximate formula can be as large as 1 K.

Example 2. DSN Cryogenically Cooled Horn System at 32 GHz and at Goldstone,
California. The input data are as follows:

Ty = 2.0 K adjusted for frequency [8]

Totm = 9.12 K for average clear weather, CD = 0.25 [8], zenith
(Latm)gg = 0.154 dB for average clear weather, CD = 0.25 [8], zenith
(Liom )y = 0.15 dB

(Lwg)yg = 0.2 dB (purposely made high for this example)
Ty horn = 6 K (note that the horn is at a cryogenic temperature)

T,

pwg = 6 K (note that the waveguide is at a cryogenic temperature)

The horn and waveguide losses are not actual losses for a typical Ka-band system, but are estimates for
example purposes only.

For the receiver, the example values are as follows:

Tina = 15K
LNA gain = 25 dB
Ty = 6325 K
Ty, = 02K

The output data are as follows. Use of the formula for converting loss factors in dB to power ratios
gives

1



Latm = 1.0361
Liom = 1.0351
Ly = 1.0471

and substitutions into Eqgs. (7) and (8) give

Thorn = 0.204 K (note that the horn is cooled to a 6-K cryogenic physical temperature)
Twg = 0.27 K (note that the waveguide is cooled to a 6-K cryogenic physical temperature)

Now all of the values are known for calculation of T,, at ports A and B. Ignoring small differences that
could occur due to round-off, substitution of these values into Egs. (5), (11), and (14) for port B gives

(Ti) 5 = 10.66 K
(T.); = 15.2 K
(Top) 5 = 25.86 K

(Tia) 4 = Tay = 11.05 K
(T.), = 16.98 K
(Top) , = 28.03 K

Note that (Top) 4 — (Top) g = 2.17 K and, as stated by Eq. (22), (Top) 4 = LnornLuwg X (Top) g- If the
approximate formula is used ,

Approx (T,p) 4 = Approx (Top) 5 = Teb + Tatm + Thorn + Twg + Lina + Ty = 26.79 K

and the errors resulting from use of this approximate formula, as calculated from Eqs. (17) and (27), are
Ep =093 Kand £F4 =—-1.24 K.

If T}, horn and T}, ,g Were 295 K instead of 6 K, and assuming loss factors remain constant with physical
temperature, new calculations would show that (7%,), would be higher than (7,,); by 4.05 K, and the
errors due to use of the approximate formula would be Ep = 1.38 K and E4 = —2.67 K. These errors
are unacceptably large.

IV. Summary and Concluding Remarks

It is hoped that this article will serve as a useful tutorial guide for DSN microwave engineers being
introduced to the subject of system and component noise temperature definitions for the first time.
Equations have been presented for calculating the exact T,, when defined at the input to the LNA and
also at the horn aperture. Examples showed that, when the 7, reference port was moved from the LNA
input port to the horn aperture, the T, value at the horn aperture was higher than the 7,, value at the
LNA input port by as much as 0.21 K for a typical DSN X-band and 2.17 K for a Ka-band horn-receiver
system. A verification rule to use is that T, at the horn aperture will always be larger than 7T, calculated

4 This methodology is general and can be used to derive T,p equations at any reference port further up the system or below
the horn aperture.
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at the LNA input. The difference between T, values at different ports is not an error. An error results
only if one uses the approximate formula to calculate T,, at different ports.

The magnitudes of errors resulting from use of the approximate formula were about 0.1 K and 1 K,
respectively, for the examples given at X-band and Ka-band. It appears that for quick calculation purposes
and to obtain a rough value, the approximate formula can be useful. However, for reporting purposes, and
especially for Ka-band systems, the correct equations need to be used to calculate T,,. In addition, when
reporting T,, values, it is important to name the reference port for which the 7}, values were calculated
or measured. If this is not done, T, values measured or reported for the horn aperture reference port
will become mixed with T, values measured or reported for the LNA input reference port, and lead to
an erroneous conclusion that something in the system has changed.

It was brought to this author’s attention that the current method being used by some at JPL for
calibrating (T¢) 4 (of cryogenically cooled horn front-end receiving systems) is to measure (7,,) , with the
front-end system on the ground and with the horn pointed at zenith. Then, from measured ground-level
barometric pressure, relative humidity, and air temperature, the zenith T,;,, is calculated through the
use of computer programs similar to SDSATM7.BAS [10]. Then, (T¢) 4 is calculated from

(Te)a = (Top)A = (Tia)a = (Top)A — Ty (29)
where from Eq. (19)

Tsky = CbL;t%m + Tatm
and from Eq. (6)

Tatm

La m -t =1-
( ! ) Tp,atm

and values for T, and T qm can be obtained from [8]. An improvement of this method would be to
simultaneously measure T,;,, with a water vapor radiometer similar to that described by Keihm [11].
Another method would be to tip the horn to a 30-deg elevation angle and measure T,,. The difference of
T,p measured at 30 deg and Ty, at zenith would result in a measurement of Ty,

The analysis presented in this article assumes a matched system where reflection coeflicients of the
antenna input termination and receiver are zero. If these reflection coefficients are non-zero and are
different at ports A and B, mismatch error analyses similar to the one discussed in [12] may have to be
done.
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Appendix A

Equivalent Source Noise Temperature at the Output
of Several Cascaded Two-Port Networks

The methodology for deriving the basic equation of the antenna input noise temperature at the output
of several cascaded networks may be unfamiliar or sometimes forgotten. Therefore, the step-by-step
derivation is documented here for reference purposes.

Figure A-1(a) shows a noise source followed by three matched passive two-port networks. Beginning
with the first network, the output noise temperature at port 2 is the well-known formula

Ti=TLy" + (1= L") T (A-1)

where T is the source noise temperature, T} is the physical temperature of network 1, L; is the loss
factor ( dissipative attenuation) of network 1, and 77 is the equivalent source temperature at the output
port of network 1. The term “equivalent source temperature” as used here means that the source and
first network can be combined and represented by a single new equivalent source temperature, as shown
in Fig. A-1(b). Then, using this same methodology, the equivalent source temperature at port 3 shown
in Fig. A-1(c) is

T =TLy' + (1= Ly") Tpo (A-2)
and the new equivalent source temperature at port 4 shown in Fig. A-1(d) is

(@)

Ts L1,Tp1 L2, Tpo L3,Tp3

1 1 1
SOURCE @ PASSIVE @ PASSIVE @ PASSIVE @

NETWORK 1 NETWORK?2  NETWORK 3

(b)

| |
| |
; 1 1 !
Ts ! Lo, Tpo [ L3, Tpa |
| | |
| | |
(c) | | (d) |
| | |
L _'_ —'—
TS j L3, Tps [ T |
| | |
|

©) ® ®

Fig. A-1. Equivalent source temperatures: (a) actual source fol-
lowed by three passive cascaded two-port networks, (b) equiva-
lent source temperature at port 2, (c) equivalent source tempera-
ture at port 3, and (d) equivalent source temperature at port 4.
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TV =T/Ly" + (1 - L3") Tps (A-3)

Substitution of Egs. (A-1) and (A-2) into Eq. (A-3) gives the expression for the equivalent source tem-
perature at port 4:

T =Ty (LiLaLs) '+ (1= Ly') Ty (LoLs) '+ (1= L") TpeLy ' + (1= L3 ") Ty (A-4)

Notice that, in Eq. (A-4), if we let Ts = Ty, Tp1 = Tpatm, Ip2 = Tp horn; and Tp3 = Tpp g, and Ly = Lagm,
Ly = Lo, and Ly = Ly, then T?" is the same as (T;,) 5 given in Eq. (5) of the main article.
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Appendix B

General Equation for Transfer of Noise Temperatures
from One Reference Port to Another

This appendix is an extension by Otoshi of the proof already given by Stelzried in the Appendix of
[1]. For the simple case, it can be stated that the method for transferring the noise temperature at the
output port of a lossy network to the input port of the same network is to use the general relationship

Tout
Tin = B-1
e (B-1)

where G for a lossy network is 1/L, where L is the loss factor of the network. For example, for the case
of a single lossy network,

Tow = (1- L") T, (B-2)
Then, at the input,
Tout Tout
T = = = LTy = (L —1)T, B-3
ot = e = T = (L= 11T, (5-3)

which is an expression that can be found in Mumford [7]. A similar expression was derived by Otoshi
[2, Eq. 35] for the mismatched case, where G is replaced by 7, the available transmission factor.

The general transfer equation for n cascaded lossy networks is
Tin = (LlLZ e Ln) Tout (B_4)

where (L1Ly--- L) is the product of loss factors of n networks. For the example in the main text [see
Fig. 1(a)], the two networks between ports B and A are the waveguide transition and horn. Hence,

(,Tin)A = L1L2 (Tout)B (B_5)

where (Ti,) 4 corresponds to (T,,) 4, L1 = Lo, L2 = Luyg, and (Tyy) g corresponds to (T,p) ;-

One way to become convinced that Eq. (B-3) is correct is to multiply it by L=!. The operation gives
Tow = (1— L7 T, (B-6)

which is the familiar equation for a single lossy network.
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Appendix C

Alternate Method for Deriving the Equation of the Effective
Input Noise Temperature of a Receiver
Preceded by Two Lossy Networks

The overall effective input noise temperatures of two networks in cascade with a receiver as shown in
Fig. C-1 can be derived from the following general formula (Mumford [7], p. 22):

Te2 + Te3

T, =T,
1,2,3 1+ eNe

(C-1)

where

T.1,Te.o = effective input noise temperature, respectively, of networks 1 and 2
T.3 = effective input noise temperature of the receiver
G1,G4 = gain of networks 1 and 2, respectively

From comparison of networks in Fig. C-1 with those in Fig. 1(a), we can let networks 1 and 2 be the lossy
horn and lossy waveguide, respectively, so that

Te123= (Te)a
Tel = ThornLhorn

Tez = TwgLuyg
Tes = Tina + Ty
G1= Lig
Ga= Ly,

Substitutions into Eq. (C-1) give

(Te)A = ThornLhorn + ngngLhorn + (TLNA + Tfu) Lhorang

= (ThornL;; + ng + TLNA + Tfu) Lhorang (0'2)
which is the same as Eq. (21).
—» Te123
Te1,G1 Te2,Go Tes

NETWORK 1 NETWORK 2 RECEIVER

Fig. C-1. Two networks in cascade in front
of a receiver.
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